Summary Increased oxidative stress has been suggested to contribute to disturbances in the regulation of coronary flow and the increased cardiac risk in diabetes mellitus. Using the isolated perfused heart of streptozotocin-diabetic rats our study shows that basal and maximal coronary flow (tested by infusion of sodium nitroprusside) are not altered in diabetes, but that 5-hydroxytryptamine (5-HT) stimulated endothelium-dependent increase in coronary flow becomes progressively impaired. This defect of the endothelium-dependent vasodilatation was prevented by perfusion of the hearts with superoxide dismutase and pretreatment of the diabetic rats with tocopherol-acetate. Morphological studies also revealed that pretreatment with tocopherol-acetate was cardioprotective, and largely prevented severe alterations of myocardial structure typically observed after a diabetes duration of 3 months; deterioration and fragmentation of myofilament bundles were seen less, and the numbers of areas of focal necrosis and of contraction bands were clearly reduced. In contrast to untreated diabetic hearts the autonomic nerve fibers detected by catecholamine fluorescence were running in parallel in hearts of tocopherol-treated diabetic rats, and the amount of catecholamines was not different from that of healthy control rats. Trichrome staining and immunohistochemical staining of collagen I and III showed a dramatic increase in the number and the size of deposits of collagen fibers at precapillary locations in the diabetic hearts which were significantly reduced by anti-oxidative treatment. These findings demonstrate that oxidative stress may not only play a major role in the impairment of endothelium-dependent regulation of coronary flow, but also in the development of perivascular fibrosis and severe changes of the autonomic nerves and contractile system in myocardium. [Diabetologia (1995[Diabetologia ( ) 38: 1157[Diabetologia ( -1168 
ily associated with coronary atherosclerosis, since it has also been observed in a significant number of young patients who do not show any symptoms of coronary heart disease [3] . This conclusion is also supported by experimental studies using animal models in which diabetes was induced chemically or developed spontaneously as in BB rats [4] [5] [6] [7] . It has been postulated that wall thickening and luminal narrowing of the intramural coronary microvasculature [3, 8] reduce the coronary flow reserve [3, 8] and limit the adaptation of coronary flow to the metabolic demand.
It has become clear in recent years that the endothelium has a large impact on the regulation of vaso-tonus of the peripheral and coronary vasculature by the release of specific mediators such as prostaglandins, endothelium-derived relaxing and contracting factors, endothelins or angiotensin II [9, 10] . Disturbances of endothelium-dependent regulation of vascular flow have not only been demonstrated in disease states such as atherosclerosis [11] , hypercholesterolaemia [12] , and hypertension [13] , but also in diabetes [14, 15] .
The underlying mechanisms have not yet been established, but it has been suggested that the generation of endothelium-dependent relaxation factor (EDRF) which has now been identified as nitric oxide (NO) or an NO-substituted compound, is diminished in diabetes [14, [16] [17] [18] [19] . Furthermore, the biological availability of NO might be reduced in diabetic states, since it is rapidly quenched by reactive oxygen radicals or by advanced glycation endproducts [20, 21] . Alternatively, the diminished endothelium-dependent vasodilatation might be caused by the generation of vasoconstricting prostaglandin-endoperoxides counteracting the dilating effect of NO [22] [23] [24] .
Since endothelium-dependent dilatation has mostly been studied in large vessels such as the aorta, it is unclear at this time whether diabetes affects the smaller vessels, in particular the resistance vessels, in a similar way. Furthermore, endothelium shows widely different properties depending on the location in the vascular tree. Therefore, it is not yet known in which way diabetes specifically affects the endothelium-dependent regulation of coronary flow. A recent study by Nitenberg et al. [25] suggests that the endothelium-dependent relaxation of coronary arteries is also impaired in both insulin-dependent and non-insulin-dependent diabetic patients, but this study, again, mainly determined the reactivity of the large conductive coronaries.
To gain a deeper insight into the mechanisms by which diabetes affects the endothelium-dependent regulation of vascular flow in the resistance vessels of the heart, we studied the endothelium-dependent regulation of coronary flow in the isolated rat heart, which contains an intact perfusion system and consists mainly of capillaries and small arterioles which determine coronary resistance. To study whether the endothelial-dependent relaxation by NO is affected by diabetes, rat hearts were perfused with 5-hydroxytryptamine (5-HT) to stimulate the release of NO. We here present evidence that enhanced oxidative stress is responsible for the impairment of endothelium-dependent vasodilatation in the diabetic heart, and can be prevented by treatment of the animals with high doses of tocopherol-acetate.
On the other hand, NO is not only a potent vasodilating compound, but is also involved in the regulation of catecholamine release from sympathetic nerves [26] . Inhibition of NO synthesis has been E R6sen et al.: Endothelial relaxation is disturbed in diabetes shown to lead to an activation of the sympathetic nervous system [26] , which is a frequent complication in human and experimental diabetes [27] . It has been suggested, furthermore, that in diabetes an activation of the sympathetic nervous system contributes to myocardial damage either by the generation of cytotoxic free radicals derived from catecholamines [28] or by induction of hypertrophy and growth factors resulting in an increased expression of collagen in myocardium [27, 29, 30] . Prevention of NO inactivation by oxidative stress is therefore expected to protect the heart in diabetes by at least two different mechanisms: directly, by restoring the vasodilatory effect of NO and indirectly, by prevention of a cascade of events associated with the excessive activation of the sympathetic nervous system. Analysis of the effect of treatment of diabetic rats with tocopherol on myocardial structure, catecholamines and collagen was performed in order to examine this hypothesis.
Materials and methods
Animals. Male Wistar rats (250-290 g, Winkelmann, Borchen, Germany) had free access to water and diet and were housed under standard conditions in the animal laboratory of the Diabetes Research Institute. Diabetes was induced by intraperitoneal application of streptozotocin (60 mg/kg body weight) as previously described [5, 31] . Manifestation of diabetes was verified i week after injection of streptozotocin by determination of blood glucose (Hexokinase method), glucosuria (HaemoGlukotest, Boehringer, Mannheim, Germany) and glycated haemoglobin (Isolab, Munich, Germany). Only animals with a blood glucose level higher than 15 mmol/1 and an HbA 1 level higher than 12 % were considered to be diabetic.
Treatment. Control animals received a standard laboratory chow for rats (Sniff, Soest, Germany) containing 163 mg tocopherol equivalents/kg diet. Additionally, groups of animals received vitamin E-supplemented or -deficient diets. To obtain a high-vitamin E diet, the control diet was supplemented with tocopherol acetate (alpha-tocopherol-acetate as Corvitol, Henkel AG, DUsseldorf, Germany) to increase the amount of vitamin E to 1.3 g tocopherol acetate/kg corresponding to 610 tocopherol equivalents/kg diet. The vitamin E-deficient diet contained 6 mg tocopherol equivalents/kg chow. The diabetes duration is shown in Tables 1-3. Heart perfusion. Isovolumic, spontaneously beating hearts were perfused according to Langendorff as described previously [5, 31] . The perfusion pressure was kept constant at 70 mm Hg. The modified "Krebs-Henseleit" perfusion buffer contained (in mmol/1): 118 NaC1, 4.8 KC1, 1.2 KH2PO 4, 20 Na-HCO3, 1.2 MgSO4,2.0 CaC1 a and 5.6 glucose. The filtered buffer was equilibrated at 377C with carbogen gas (95 % 02, 5 %CO> pH 7.4).
Preparation. Animals were anaesthetized by ether. After thoracotomy the hearts were immediately connected to a non-circulating perfusion system (at 37 ~ Venae cavae were ligated and the hearts were carefully excised from the thorax. A latex balloon was placed into the left ventricle via the opened left at- Rat hearts isolated and perfused as described in Methods. After an equilibration period basal flow was measured; then the dose-efficacy of 5-HT stimulated coronary flow was recorded, followed by perfusion with L-NAME to inhibit the release of NO. At the end of perfusion maximal coronary flow capacity was determined by perfusion with NP (10 ~xmol/1). To inhibit the release of interfering prostaglandins heart perfusion was performed in the presence of indomethacin (3 vmol/1) rium and connected to a pressure transducer. Left ventricular peak systolic pressure and heart rate were simultaneously registered. Coronary flow was measured continuously by calibrated glass cylinders.
Experimental protocol (Fig. 1 ). After preparation, there was a 25-rain stabilization phase to ensure constant mechanical and flow properties. To measure endothelial-dependent relaxation hearts were perfused with increasing concentrations of 5-HT (1 nmol/1-10 ~mol/l). The increase in coronary flow was measured and the cumulative dose-efficacy curves determined. Thereafter, the NO formation was inhibited by perfusing the heart with nitro-L-arginine-mono-methyl-ester (L-NAME; 10 ~tmol/1) to verify that the observed increase in coronary flow was specifically induced by NO. Maximal coronary flow, was induced independently from endothelium by direct application of sodium nitroprusside (NP; 10 ~mol/1) in the perfusion fluid. NP and the various concentrations of 5-HT were infused for at least 10 rain to obtain a constant coronary flow rate. All experiments were performed in the presence of indomethacin (3 ~mol/1) to inhibit the cyclooxygenase activities and eliminate the generation of interfering prostaglandins. Where indicated, the hearts were perfused with superoxide dismutase (SOD, 50 U/rag, Boehringer, Mannheim, Germany) at a concentration of 50 ~U/ml.
Morphology
Preparation of the rat heart. Rat hearts were retrogradely perfused according to the Langendorff technique. Hearts were perfused at a constant pressure of 60 cm H20 with a modified Krebs Henseleit buffer (in mmol/1): 1.8 CaC12, 1.05 MgC12, 5.35 KC1, 136.9 NaC1, 0.42 NaH2PO4, 10.1 glucose, 23.8 Na-HCO3) pre-warmed to 37~ and equilibrated with 95 % 02/ 5 % CO2. Following the pressure constant perfusion with the modified Krebs-Henseleit solution, the hearts were perfused with a 0.1 tool/1 cacodylate buffered 2 % glutaraldehyde/2 % paraformaldehyde fixative via the cannula located within the aorta near the coronary ostia.
Light-and electron-microscopical preparation. Left papillary muscles were replaced and further fixed in 0.1 tool/1 cacodylate buffered 2 % glutaraldehyde/2 % paraformaldehyde followed by postfixation in 2 % osmium tetroxide buffered at pH 7.3 with 0.1 mol/1 sodium cacodylate for 2 h at 40 ~ The specimens were rinsed in cacodylate buffer three times, block stained in 1% uranyl acetate in 70 % ethanol for 8 h, dehydrated in a series of graded ethanol and embedded in araldite. Semithin sections of plastic embedded papillary muscles were stained with methylene blue and investigated with the aid of a computerized morphometrical analysis-unit (Leica CBA8000, K61n, Germany). Ultrathin sections (30-60 nm) were obtained with a diamond knife on a Reichert ultramicrotome (Nussloch, Germany), placed on copper grids, and examined with a Zeiss EM 902A electron microscope (Oberkochen, Germany). For light microscopical observations ten semithin sections, and for electronmicroscopy five thin sections of the left papillary muscle were studied, per heart.
Catecholamine fluorescence. The right ventricles of isolated perfused hearts were rapidly cut off, freeze-clamped with a Wollenberger clamp cooled in liquid nitrogen and stored at -80 ~ for histochemical examination of intra-axonal catecholamine stores. At a temperature of -30 ~ the frozen myocardial tissue consisted of 16.5-[~m cryostat serial sections. Adrenergic nerve fibers of the right ventricle were made visible by means of glyoxylic acid-induced fluorescence of intraneuronal catecholamines using the method of De La Torre and Surgeon [32] . Quantitative assessment of individual tissue sections was performed by high resolution microfluorimetry. The system consisted of a Leitz orthoplan microscope equipped for fluorescence with epi-illumination and 3 mm BG 12 and Leitz K 490 primary and secondary filters (KOln, Germany), respectively. Using a residual light-amplifying caesicon camera, tissues under study were focussed in such a way that within the visible field of the individual preparation, only sections with nerve fibers running in parallel were processed and sections containing sympathetic plexuses were excluded from measurement. After inversion of the primary image by means of a computerized image analysing system (Artek 982, Bio-Sys, Karben, Germany), fluorescing adrenergic nerves were easily detectable as dark areas against a bright background. To eliminate background fluorescence, points below a given threshold intensity were filled up in brightness with the help of a specially-designed measuring mask so that only fluorescing nerve fibers remained visible. For determination of the fluorescing area one section per heart was taken from the right ventricle at a distance of 150 gin from the epicardial surface. The total observation area was 3 mm 2 per heart. The amount of the fluorescing area was estimated from 100 consecutive measurements per section and is given as a percentage of the total area. No correction for fading of the fluorescent image by photodecomposition was necessary, as the whole process was performed in 10 s. By using this technique not only the length and thickness of the adrenergic nerve fibers, but also the dimensions of their axonal dilatation (the varicosities) were recorded.
Trichrome technique. For trichrome staining 1-mm blocks of myocardium containing parts of the left coronary artery were embedded in paraffin and 5-~m-thick slices were sectioned transversally to the longitudinal axis of the arteries. The slices were stained using a standard method described by Goldener [33] to distinguish between connective tissue from myocytes, The areas of connective tissue and the perimeter of coronary ~;essels were automatically detected and measured on a Leitz Medilux microscope connected with a Leitz CBA8000 image analysing system for detection of real colour. The area of connective tissue is given by the trichrome stained area (c in ~m 2) related to the circumference of the vessel (v in ~m) as c/v (~m2/~m). For each heart, slices from five different parts of the left coronary artery were selected. The distance between the slices was set at more than 1 mm.
Immunohistochemical staining for collagen I and IlL Slices of
5-~m thickness, embedded in paraffin, from five different parts of the left coronary artery of each heart were selected and measured as described above. The slices were de-paraffinized and pretreated with 0.1% trypsin (Sigma Chemical Co., Deisenhofen, Germany) for 10 rain at 37~ Following several washing steps (phosphate buffered saline) the sections were incubated for 2 h at 37 ~ with the primary antibodies: rabbit anti-rat collagen I and collagen III, respectively (Biermann, Bad Nauheim, Germany). The antigen-antibody complex was then made visible by a combination of donkey anti-rabbit biotin conjugated secondary antibody (Dianova, Hamburg, Germany) and a peroxidase complex (Amersham, Braunschweig, Germany). As chromogen we used diaminobenzidine (Dako, Hamburg, Germany).
Reagents. Indomethacin was dissolved in 100 mmol/1 Tris-HC1 (pH 8.7), 5-HT, L-NAME and NP were dissolved in distilled water. For perfusion the drugs were further diluted with the perfusion buffer.
Tocopherol. Tocopherol in plasma was determined by high pressure liquid chromatography as described by Diplock [34] .
Data analysis. Coronary flow rates were corrected for heart weight and are given as ml/g dry weight. Alternatively, coronary flow rates are related to the maximal coronary flow observed for each heart and are given as a percentage of the maximal flow determined after application of NR The concentra-R ROsen et al.: Endothelial relaxation is disturbed in diabetes tions of 5-HT inducing half-maximal increase of coronary flow (ECs0) were calculated by curve fitting ('InPlot 4.0' GraphPad Software). 
Statistical analysis

Results
As diabetic animals, only those with blood glucose levels higher than 15 mmol/1 were used. Furthermore, evidence for chronic hyperglycaemia follows from the elevated haemoglobin A 1 ( > 12 %) and the glucosuria generally observed in all the diabetic animals. After a diabetes duration of 5 weeks body and heart weights were not significantly different in control and diabetic rats. Only after a diabetes duration of 17 weeks or longer were the body and heart weights of diabetic rats diminished as compared to controls (Table 1) . Heart performance was similarly changed in both groups as described previously [4, 5, 31] ; the maximal rates of contraction and relaxation were diminished, the maximal left ventricular systolic pressure and heart rate slightly reduced.
The spontaneous coronary flow was not significantly different in hearts of control and diabetic rats independently of the duration of diabetes. Similarly, the maximal coronary flow capacity after infusion of NP did not significantly differ between control and diabetic rats (Table 2 ) and was independent from the perfusion time (data not shown),
To induce endothelium-dependent relaxation of coronary vessels, hearts were perfused with 5-HT. Interference with the release of prostanoids was avoided by infusion of indomethacin during the total experiment. 5-HT caused a concentration-dependent increase in coronary flow in hearts of both control and diabetic rats (Fig. 2) . Whereas in hearts of control rats the half-maximal concentration of 5-HT needed to increase the coronary flow was independent of the age of the rats between 15 and 26 weeks, the sensitivity of hearts of diabetic rats was progressively diminished depending on the duration of diabetes (Fig.3 ). The differences in the half-maximal concentration of vasodilatation by 5;HT between control and diabetic rats became significant after a diabetes duration of 17 and 26 weeks. If the duration of diabetes was, however, extended to more than i year, 5-HT did not increase the coronary flow further, and a reduction of coronary flow was observed (data not shown). In hearts of control and diabetic rats vasodilatation by 5-HT was completely inhibited by perfusion with L-NAME indicating that in both cases the relaxation of Coronary vessels by 5-HT was mediated by the release of NO. Furthermore, we did not observe any difference in the basal coronary flow between hearts of diabetic and control rats. Perfusion with L-NAME caused a comparable reduction in coronary flow in both types of hearts indicating that the basal release of NO was not changed by diabetes lasting from 5 to 26 weeks. Diabetes duration (weeks) Fig. 3 . Influence of the diabetes duration on the sensitivity to 5-HT. The coronary flow in hearts of control and diabetic rats was determined depending on the concentration of 5-HT (cumulative dose-efficacy curve) and the duration of diabetes ranging from 5 to 26 weeks. Data are given as mean + SEM of six independent experiments. Significant differences between the various groups *p < 0.05 superoxide dismutase (SOD 50 ~l/ml). In control rats, perfusion with SOD had no influence on the basal coronary flow, the sensitivity of coronary vasculature to 5-HT or the maximal coronary flow (data not shown). In diabetes, however, SOD normalized the impaired sensitivity of the coronary vessels to 5-HT so that the ECs0 was no longer significantly different from that of the controls (Table 3 ). In the diabetic rats the maximal coronary flow was slightly reduced in the presence of SOD.
Pretreatrnent with tocopherol. The experiments with
SOD suggested that the generation of superoxide an-E ROsen et al.: Endothelial relaxation is disturbed in diabetes Fig.4 (a, b) . Vitamin E protects myocardium in diabetic hearts. Samples processed as described in Methods. For light-microscopy ten semithin sections per heart were taken from the left papillary muscle of control (n = 5), diabetic (n = 5) and Vitamin E-treated, diabetic rats (n = 7): a Myocardium of vitamin E-treated streptozotocin diabetic rats shows no sign of myocytolyses. The capillaries are evenly distributed throughout the tissue and show approximately the same diameters. b Untreated myocardium shows distinct focal necrosis and an irregular distribution and diameter of capillaries ions may be associated with the impairment of endothelium-dependent vasodilatation. To study the role of oxygen-derived radicals in the diabetic heart more closely, diabetic rats were treated with tocopherol-enriched and -deficient diets, respectively. The concentration of tocopherol in the plasma was significantly influenced by this treatment. Whereas a vitamin Edeficient diet diminished the plasma level of vitamin E from 8.2 + 0.4 mg/dl (0.19 + 0.009 mmol/1) in controls to 2.3 + 0.2 mg/dl (0.05 + 0.005 mmol/1), the vitamin E-enriched diet caused an increase up to 18.9 + 0.6 mg/dl (0.44 + 0.01 mmol/1). In control rats the tocopherol-modified diet has no influence on the coronary flow (data not shown). In diabetic rats coronary flow was, however, strictly altered by the pretreatment with the vitamin E-modified diets. Pretreatment with the vitamin E-enriched diet reduced the ECs0 for the increase in coronary flow by 5-HT to 15 + 9 nmol/1 so that the sensitivity for 5-HTwas not different in hearts of control and diabetic rats. Vitamin E deficiency, on the other hand, resulted in a further impairment of 5-HT mediated relaxation of coronary arteries. In the vitamin E-deficient state the ECs0 was about 20-30-fold higher than in the hearts of control and diabetic rats treated with high doses of tocopherol (Table 3) .
In parallel to the increased sensitivity to 5-HT, the structure of the myocardium was better preserved in the hearts of diabetic rats treated with high doses of tocopherol than in non-treated diabetic controls: typically, diabetes causes severe alterations of myocardial structure as shown (Figs. 4-6 ): myofilament bundles are deteriorated and partly fragmented. Areas of focal necrosis and contraction bands can be found at regular intervals. The number of perinuclear vacuoles is usually increased. Mitochondria are partly severely damaged and increased in diameter. Pretreatment with high doses of tocopherol resulted in an improved preservation of ventricular myocardium. The cardiac cells contained parallel arrangements of myofilaments and electron-dense mitochondria. The numbers of areas of focal necrosis and contraction bands as well as of intracellular vacuoles were clearly diminished in hearts of vitamin E-treated rats as Fig.5 (a, b) Myocardium of diabetic rats. Samples processed as described in Methods. For electronmicroscopy five thin sections per heart were taken from the left papillary muscle of control (n = 5), diabetic (n = 5) and vitamin E-treated, diabetic rats (n = 7): a Transverse section of vitamin E-treated heart shows regular structure of myofilament bundles (MF), regular size of mitochondria(M) and no intracellular vacuoles. There is only a small collagen plaque (CP) between capillary endothelial cell and myocyte. b Longitudinal section of myocardium from untreated heart shows myocytes with varying stages of destruction. Swelling of mitochondria (M), intracellular vacuoles (V) and contraction bands can be found. In necrotic myocytes the structure of myofilaments (MF) is irregular and myofilaments are very sparse compared to non-treated or vitamin E deficient diabetic rats (Figs. 4, 5) .
Catecholamine fluorescence. In diabetic hearts histochemical visualization and quantification of intraneuronal catecholamines revealed a progressive loss of histofluorescent nerve fibers in the myocardium of streptozotocin-diabetic rats similar to that recently described for hearts of spontaneously diabetic (BB) rats [4] . These data indicate a loss of sympathetic nerve fibers and severe structural abnormalities that are very similar to alterations observed in peripheral nerves [35] (Figs. 6, 7) . Treatment of the diabetic rats with vitamin E completely prevented this diabetic-specific loss of sympathetic nerve fibers and intraneuronal catecholamines. As in healthy myocardium the autonomic nerve fibers were running in parallel and the intraneuronal amount of catecholamines was not different from that of healthy control rats.
Collagen. It is known and has recently been described [4] that the interstitium of diabetic rat hearts revealed restrictive alterations; deposits of collagen fibers were frequently observed at precapillary locations in diabetic hearts, but not in those of healthy rats. These collagen deposits consisted of up to three orthogonal layers of bundles of collagen fibers [4] . In agreement with these observations the amount of collagen as determined by trichrome staining was also doubled in hearts of streptozotocin-diabetic rats (+ 216 %, Fig. 9 ). Treatment of diabetic rats with vitamin E reduced the number and the size of deposits of collagen I and III as shown in Figure 9 . Changes in the ratio of collagen I and III were observed in hearts of untreated diabetic rats, but not in those of vitamin E-treated rats.
Discussion
Major observations of this study indicate that the endothelium regulation of coronary flow is progressively impaired in diabetes and that the generation of oxygen-derived radicals plays a decisive role in im- Fig. 6 (a-e) . Autonomic neuropathy is prevented in vitamin E-treated diabetic heart. As described in Methods and by De La Torre & Surgeon [32] the glyoxylic acid-induced fluorescence was determined in a section of the right ventricle taken in a distance of 150 ~m from the epicardial surface. Sections of control (n = 5), diabetic (n = 7) and vitamin E-treated, diabetic rats (n = 7) were studied: a In healthy myocardium fluorescent nerve fibres run parallel to the longitudinal axis of cardiomyocytes and form chain-like varicosities. b Distinct reduction of fluorescent nerve fibers in untreated streptozotocin-diabetic rats. c The disappearance of fluorescent nerve fibers is reduced paired endothelium-dependent vasodilatation. Pretreatment with tocopherol-acetate as anti-oxidant not only prevented this endothelial dysfunction, but also structural alterations of coronary vessels and depletion of myocardial catecholamine stores typically seen in the diabetic heart. These results strongly e mphasize the pathophysiological relevance of oxygenderived radicals for endothelial and cardiac dysfunction in diabetes.
As criteria for the diabetic state induced by streptozotocin we used rats with blood glucose levels higher than 15 mmol/1 and a level of HbA1 higher than 12 %. A significant difference in body weights between diabetic and control rats was only observed after a diabetes duration of at least 17 weeks, but not after 5 weeks of diabetes. These data indicate that the diabetic state induced by an intraperitoneal injection of 60 mg/kg body weight streptozotocin causes a distinct hyperglycaemia and a moderate inhibition of growth, but not an excessive catabolic state. The streptozotocin diabetes model used has already been extensively described by us and others [4, 7, 26, 31, 36] .
The heart preparation and the influence of diabetes has already been described extensively [4, 7, 26, 31, 36] . This standardized model was used to study the influence of diabetes on the endothelium-dependent regulation of coronary flow. To study specifically the effect of diabetes on the release of EDRF, the release of possibly interfering prostaglandins was inhibited by perfusion of the hearts in the presence induced fluorescence was determined by microfluorimetry. In a total area of 3 mm 2 per heart the fluorescent area was measured by 100 consecutive measurements using a section of the right ventricle taken at a distance of 150 Fm from the epicardial surface. The fluorescent area is given as percentage o~ the total area: mean+SEM of control (n = 5), diabetic (n = 7), vitamin E-treated, diabetic rats (n = 7). * p < 0.05 control as compared to diabetic rats of indomethacin, which had no direct effect on the coronary flow in the concentration used [37] . Such inhibition of the release of prostaglandins is importantl since it has already been shown that the myocardial release of cyclooxygenase products and particularly of prostacyclin is altered in the diabetic rat heart [5, 38] . Thus, in this particular in vitro model interference from prostaglandins can be excluded.
To stimulate the release of NO we used 5-HT instead of acetylcholine since it had been shown by others that acetylcholine does not only affect the coronary flow, but has additionally negative chronotropic and inotropic effects on the heart [39, unpublished results]. For 5-HT it has been shown previously that it specifically enhances the coronary flow without affecting myocardial contractility [40] . 5-HT led to a dose-dependent increase in coronary flow in hearts of control and diabetic rats, however, the sensitivity of the coronary vessels to 5-HT was progressively reduced in diabetes. Since neither the basal nor the maximal coronary flow capacity were impaired by diabetes, our data indicate that specifically the NO-mediated effect of 5-HT on the coronary vasculature is impaired in diabetes. Such an impairment of endothelium-dependent vasodilatation has been reported for various types of large (conductive) vessels [16, 17, 41] . Our data show that specifically the 5-HT stimula- Fig.8 (a, b) . Effects of vitamin E on perivascular connective tissue in diabetic hearts. The connective tissue was stained by the method described by Goldener [33] in consecutive slices from five different parts of the left coronary artery per heart: a Collagen I and III were determined by immuno-histochemical techniques as described in the Methods. The ratio of collagen I to III is given, b The amount of interstitial fibrosis was determined by the triochrome technique as described by Goldener [39] and in the Methods. The amount of trichrome-stained material is related to the vessel circumference. The ratio between the trichrome stained area (c in ~m 2) covering the vessel perimeter (v in Fm) is given as mean _+ SEM of control (n = 5), diabetic (n = 7) and vitamin E-treated, diabetic rats (n = 7). The data are given as mean + SEM of control (n --5), diabetic (n = 7) and vitamin E-treated, diabetic rats (n = 7). *p < 0.05 control as compared to diabetic rats tion of endothelium-dependent vasodilatation is disturbed in coronary resistance vessels of diabetic rats and that this endothelial effect becomes worse depending on the duration of diabetes. For the mesenteric bed similar observations have been reported by Diederich et a1. [42] using acetylcholine as agonist. A recent study of Nitenberg et al. [25] suggests a similar impairment of vasodilatation in the large conduit vessels of the heart of IDDM and NIDDM patients again in response to acetylcholine. Since a comparable impairment in endothelium-dependent vasodilatation has been observed for various agonists (ace-tylcholine, bradykinin) and not only for 5-HT, we do not believe that this endothelial dysfunction is related to defects in the 5-HT receptor or in the signal transduction pathway, but by a defect further downstream.
The impairment of endothelium-dependent vasodilatation by the coronary bed could be abolished by perfusion with of SOD and prevented by tocopherol. Therefore, our observations suggest that the impairment of endothelium-dependent vasodilatation is presumably not a consequence of changes in the expression of the endothelium NO-synthase or in the sensitivity of the vascular smooth muscle cells for NO, but that the heart in diabetes permanently generates superoxide anions which interfere with the NO-mediated vasodilatation. Such a mechanism for impairment of vasomotion in diabetes has already been postulated by others [20, 43, 44] . Direct evidence that free radicals and superoxide anions can mediate endothelial dysfunction and quench NO has already been presented [42] [43] [44] [45] . It is assumed that oxygen free radicals affect the vascular systems by reacting with released NO to produce peroxynitrite which can decay to nitrogen dioxide and hydroxyradicals [45, 46] . That the generation of free radicals is enhanced in diabetes is supported by considerable evidence [47, 48] . The source of these oxygenderived radicals is unclear and has not been identified by this study; the autoxidation of glucose [49, 50] , lipid peroxidation [47, 48] as well as oxidation of glycated proteins [21] might lead to an increased release of oxygen-derived radicals and thereby exert an increased oxidative stress on the vasculature in diabetes. We can exclude, however, in contrast to studies using large vessels [23, 24] that prostaglandin endoperoxides or other cyclooxygenase products are involved in the impairment of endothelial function of coronary arteries, since the cyclooxygenase activity was completely inhibited by indomethacin.
As already outlined, it is intriguing to ascertain if the improvement of coronary perfusion and prevention of excessive release of catecholamines by NO are important mechanisms of cardioprotection in diabetes. Following this assumption pretreatment with tocopherol not only restored the endothelial-dependent vasodilatation in diabetic hearts, but also prevented the depletion of sympathetic nerve fibers from catecholamines (Figs. 7, 8 ), the deterioration of myocardial structure as well as the perivascular deposition of collagen and other matrix proteins.
We have to admit, however, that increased oxidative stress may not only affect the release of NO, but can lead to a variety of dysfunctions in diabetes [47] . In line with this assumption it has been shown very recently that tocopherol prevents the hyperglycaemia-induced activation of protein kinase C [51] which has been suggested to represent a critical step in the development of vascular complications in diabetes [overview 14, 51] . Furthermore, there is much evidence that antioxidants inhibit the activation of platelets and monocytes in diabetic patients and restore the synthesis of prostacyclin [47] . Very recently, Kunisaki et al. [51] reported additionally that tocopherol prevents the glucose-induced biochemical changes in cultivated smooth muscle cells, but is also effective in vivo. Anti-oxidants may, therefore, be beneficial in various aspects of prevention of vascular, haemostatic and neurological complications in diabetes [47, 52] . Thus, in addition to the restoration of NO release and its effects on the release of myocardial catecholamines other mechanisms might contribute to the cardioprotective effect of tocopherol.
Our observations do not exclude an increased formation of NO at very early states of hyperglycaemia as discussed by the "hyperfusion theory" [15] . They are relevant for diabetic states manifested for a prolonged time. The earliest changes in the regulation of coronary flow were observed after a diabetes duration of 5 weeks and might represent a long-term adaptation. We can exclude, on the other hand, that the observed changes in coronary perfusion are caused by changes in glucose concentration in the perfusion medium as well as by osmotic imbalances, since variation of glucose (5-44 mmol/1) or the addition of mannitol (20-44 mmol/1) did not affect the flow of the perfused rat heart (R6sen et al., unpublished results) in contrast to studies using vessels from other species [24] .
In summary, our results suggest that oxidative stress plays a significant role in the development of endothelial dysfunction and the disturbances of cardiac structure and function in diabetes. Anti-oxidants such as tocopherol are able to prevent these adverse effects in vivo despite the elevated blood glucose levels and the increased formation of advanced glycation endproducts.
